The role of nutrition and balanced metabolism in normal growth, development, and health maintenance is well known. Patients affected with either acute or chronic diseases often show disorders of nutrient balance. In some cases, a devastating state of malnutrition known as cachexia arises, brought about by a synergistic combination of a dramatic decrease in appetite and an increase in metabolism of fat and lean body mass. Other common features that are not required for the diagnosis include decreases in voluntary movement, insulin resistance, and anhedonia. This combination is found in a number of disorders including cancer, cystic fibrosis, AIDS, rheumatoid arthritis, renal failure, and Alzheimer's disease. The severity of cachexia in these illnesses is often the primary determining factor in both quality of life, and in eventual mortality. Indeed, body mass retention in AIDS patients has a stronger association with survival than any other current measure of the disease. This has led to intense investigation of cachexia and the proposal of numerous hypotheses regarding its etiology. Most authors suggest that cytokines released during inflammation and malignancy act on the central nervous system to alter the release and function of a number of neurotransmitters, thereby altering both appetite and metabolic rate. This review will discuss the salient features of cachexia in human diseases, and review the mechanisms whereby inflammation alters the function of key brain regions to produce stereotypical illness behavior.
Introduction
The maintenance of energy homeostasis is one of the most crucial physiological tasks that animals perform to ensure long-term survival. Under normal conditions, energy intake and energy expenditure are precisely controlled, providing remarkable stability of body weight over an animals' lifetime. Because infectious illness is an acute threat to life, animals have evolved systems that sacrifice energy homeostasis in order to provide the greatest chance of survival. Indeed, nearly all of the behaviors and metabolic changes typical of sickness can be linked directly to a highly organized strategy of the organism to fight infection [1, 2] . One of the primary features of the host response to acute infection is fever. Increased body temperature has been strongly linked to survival from infection in numerous species, and appears to be one of the most critical non-specific defense systems animals employ to fight pathogens [3] . The increase in body temperature that is achieved during fever favors proliferation of immune cells and is unfavorable to the growth of many pathogens. Although it is generally an adaptive strategy for survival, the generation of fever comes at a very high metabolic cost. Most studies agree that the increase in metabolism per 1°C of fever is close to 13 percent [4] . Therefore, it is reasonable to view illness behavior in the context of an adaptive, but metabolically expensive, febrile response. In neurophysiological terms, fever represents an increase in hypothalamic thermoregulatory set point. In this instance, animals feel cold at previously normal body temperatures, and will seek out warmer environments to compensate. Furthermore, thermogenesis is increased (e.g. by shivering and activation of sympathetic outflow), and heat loss is reduced both behaviorally (e.g. by curling up, huddling, seeking warm environments) and physiologically (e.g. by shifting blood flow away from the skin and improving insulation through piloerection).
While these behaviors are relatively straightforward to justify from a teleological perspective, it is somewhat more difficult to understand how the anorexia typical of acute disease provides a survival benefit. In fact, one could argue that the increased metabolic demands imposed by the maintenance of fever and immune system activation should lead to relative hyperphagia rather than anorexia. On the other hand, an animal that is not hungry will not spend time foraging, thereby preserving energy reserves and reducing heat loss. In addition, prey animals are particularly vulnerable to predation when they are ill secondary to impaired locomotion, potentially providing another survival advantage of anorexia. It has also been suggested that decreased food intake during fever helps to maintain relatively low circulating levels of iron and zinc, both of which are known to be critical trace elements for bacterial growth (for review, see [5] ). Overall, it appears that relative anorexia may also be an adaptive response to acute infection, an idea that is reinforced by the observation that maintaining basal food intake by force feeding infected mice doubles their mortality, though it is unclear whether this is a general phenomenon [6] . Coincident with the decrease in food intake, an overall hypermetabolic, catabolic state is maintained, thereby providing a ready fuel supply for the immune system, particularly in the form of muscle derived amino acids.
Although acute infection has provided a steady evolutionary pressure throughout most of human evolution, relatively recent medical developments have produced large numbers of individuals who are living with more chronic inflammatory insults. Although undoubtedly an oversimplification, the metabolic effects of chronic diseases can be viewed as an extended version of the acute response to infection that, while potentially beneficial in the acute setting, becomes pathological when prolonged. Cachexia (from the Greek kakos (bad) and hexis (condition)), or disease-associated wasting, is a common occurrence in cancer, renal failure, and infectious disease. Hippocrates wrote about the relationship between dropsy (chronic heart failure) and cachexia more than 2400 years ago: "The flesh is consumed and becomes water…the abdomen fills with water, the feet and legs swell, the shoulders, clavicles, chest and thighs melt away…This illness is fatal" [7] . This devastating state of malnutrition is brought about by a synergistic combination of a dramatic decrease in appetite and an increase in metabolism of fat and lean body mass. The severity of cachexia in many illnesses is the primary determining factor in both quality of life, and in eventual mortality [8, 9] . Other illness-induced morbidities including lethargy also directly compromise the ability of patients to recover from potentially life-saving or extending interventions, including surgery and cytotoxic chemotherapy, and can diminish the motivational drive to aggressively battle the condition. Although cachexia in chronic disease was described more than two thousand years ago, the central mechanisms underlying this disorder of energy homeostasis were until recently quite poorly understood. However, with the recent renaissance in understanding of appetite and body weight control, investigators have quickly begun to unravel many of the fundamental aspects of the physiology of cachexia (as described further below).
Unfortunately, despite our increased understanding of this process, there is currently no safe and effective treatment for this condition. Extensive trials with anti-inflammatory agents have shown modest benefit, and significant gastrointestinal and renal side effects are common [10] . Perhaps the most promising agents in early trials were the progestational agents (e.g., megestrol acetate), but more recent trials have shown that the modest weight gain produced by these agents is primarily due to gains in body fat and water retention, with little beneficial effects on lean body tissue [10, 11] . Glucocorticoids produce weight gain and improvement in quality of life scores, but they do not improve strength or lean body mass and are associated with numerous unwanted side effects typical of iatrogenic Cushing's syndrome [12] . Growth hormone has also received attention as a potential anti-cachexia agent, but its usefulness is limited by cost, difficulty of delivery, worsened insulin resistance, potential to promote the growth of tumors in individuals with cancer, and growth hormone resistance in most forms of cachexia [11, 13] . Our work and that of others has demonstrated that melanocortin antagonists and drugs that diminish endogenous melanocortin activity (e.g. ghrelin) show great promise in preclinical and early clinical trials [14] [15] [16] [17] [18] [19] . However, there remains a critical need for the development of new agents with efficacy in treating various features of cachexia brought about by a variety of diseases.
Defining Cachexia
Sick individuals experience a variety of symptoms including weakness, malaise, anorexia, weight loss, and inability to concentrate. Perhaps because these symptoms are so common, they have in the past been underestimated as being simply an uncomfortable side effect of the illness process. However, as outlined above, these symptoms are not simply the result of debilitation, but rather represent an evolved adaptive strategy with important survival implications. On the other hand, when one views these adaptations in the context of chronic illness, the resulting metabolic state is not only debilitating, but strongly predicts both morbidity and mortality. Given its clinical importance it is not surprising that a great deal of effort has gone into developing therapeutics for cachexia. This effort quickly made it readily apparent that there was no real unifying definition of cachexia, nor were there any accepted guidelines for demonstrating efficacy of new therapeutic modalities. [20] . Like any consensus statement, numerous details and nuances were debated, and the relative complexity of this definition reflects the real complexity of this metabolic derangement. Nonetheless, this definition provided a starting point for discussion of meaningful clinical trial endpoints.
General Mechanisms in Cachexia: Inflammation
A shared characteristic of chronic diseases associated with the development of cachexia is increased production of pro-inflammatory cytokines. Cells of the innate immune system, such as macrophages and dendritic cells, act as sentinels that detect microbial infection and tissue damage by recognizing common molecular patterns. In response, these cells release pro-inflammatory cytokines, which act in a paracrine and endocrine fashion. In this way, a local signal of damage or danger is amplified and distributed to distal sites of action, resulting in common immunological and behavioral responses to sickness. For example, elevations in interleukin-1 beta (IL-1β), leukemia inhibitory factor (LIF), interleukin-6 (IL-6), and tumor necrosis factor alpha (TNF-α) are found in rats, mice, and sheep following peripheral administration of lipopolysaccharide (LPS), a potently inflammatory bacterial endotoxin known to induce the full spectrum of sickness behavior [6, [21] [22] [23] [24] [25] [26] . It is precisely these cytokines that appear to mediate disease-associated wasting syndromes. Indeed, elevated circulating levels of TNF-α and IL-6 in patients with cardiac cachexia are the strongest predictor for pathological weight loss [27, 28] . In cancer cachexia, IL-1β, IL-6, LIF and TNF-α have been shown to be produced by human tumor cells in tissue culture and in patients [29, 30] . This rise in circulating cytokines has been implicated in the physiologic and behavioral responses to inflammation in rodents, including anorexia [31] , HPA axis activation [32] , fever [33] , increased non-REM sleep [34] , and anhedonia [35] . Indeed, intracerebroventricular (i.c.v.) administration of several pro-inflammatory cytokines in rodents is effective in recapitulating the cardinal features of cachexia including: anorexia, weight loss, increased energy expenditure and catabolism of fat and lean body mass (LBM) [36, 37] . These findings suggest that there are systems within the brain that are sufficient to promote the cachectic state in response to cytokines.
It is important to note that doses and routes of administration of endotoxin and cytokines used in these and subsequently cited studies vary considerably between experiments. Because different doses or injection sites of immune-modulating agents may recruit distinct inflammatory mechanisms, caution in interpreting these data together must be exercised. In lieu of standardizing dosing regimens, however, evaluation of existing studies can identify important common mediators of sickness behavior. Given that these different inflammatory methods induce similar cytokine induction patterns in the brain, common mechanisms presumably underlie the conserved effects. Remarkably, the induction of cytokine expression in the brain appears to be conserved through mammalian evolution, affording us the opportunity to integrate observations from several species into a common understanding of sickness behavior. Taken together, these studies strongly suggest an important role for cytokine signaling, both in the central nervous system (CNS) and the periphery, in mediating the sickness response.
Peripheral Inflammation
Cachexia research has traditionally focused on the local mechanisms of inflammationinduced muscle wasting. In the periphery, cytokines act directly on muscle cells to disrupt the normal balance that exists between anabolic and catabolic pathways [38] . Activation of nuclear factor-kappa B (NF-κB) in muscle is increased by IL-1β and TNF-α [39] . Increased NF-κB activation in muscle promotes muscle degeneration by accelerating protein breakdown through ubiquitin-dependent proteolysis [40] and preventing muscle repair by decreasing the expression of the transcription factor MyoD [41] . Further, muscle explants, when treated with inflammatory cytokines, exhibit dysregulated protein turnover leading to catabolism [42] . These studies define an unambiguous peripheral role for cytokine signaling in mediating inflammation-induced lean mass catabolism. Though muscle wasting eventually leads to weakness and lethargy, sick patients and animals exhibit behavioral depression long before significant catabolism can occur. Collectively, these data support the hypothesis that the coordinated behavioral and metabolic responses that occur in the clinical syndrome of cachexia likely involve the synergistic effects of combinations of cytokines acting in both the brain and periphery. However, a full discussion of the effects of cytokines in the periphery is beyond the scope of this review.
Central Inflammation
In the absence of infection or tissue damage, cytokine expression in the brain remains very low, though basal cytokine levels may play a role in sleep and energy balance [43] [44] [45] [46] . Central expression of pro-inflammatory cytokines is strongly induced by peripheral inflammation. Peripheral injections of LPS have been shown to increase the expression of IL-1α, IL-1β, IL-6, TNF-α and LIF in the rodent brain [47, 48] . Central administration of several of these cytokines, including IL-1β, TNF-α, and LIF, stimulate their own production as well as induce the synthesis of other cytokines in the brain [49] [50] [51] . This provides a mechanism for local amplification and maintenance of inflammatory signaling in the brain in response to peripheral inflammation. The importance of this central inflammation was recently supported by research using MyD88 (a common intracellular mediator of inflammatory signaling upstream of NF-κB) knockout mice and bone marrow transplants to demonstrate that the endocrine action of circulating cytokines is insufficient to elicit anorexia in response to peripheral LPS without functional inflammatory pathways in the brain or endothelium [52] . Although one must always consider developmental adaptation when interpreting knockout data, this finding suggests that intact inflammatory signaling to the CNS is necessary to promote the full cachectic phenotype.
Hypothalamic Involvement in Cachexia
Several lines of evidence strongly implicate the hypothalamus as a critical site of action for inflammatory cytokines. Early lesioning studies confirmed an essential role for several hypothalamic nuclei in the regulation of energy homeostasis [53, 54] . Inflammation within neuronal tissue, as represented by markers for NF-κB activation, is localized exclusively to the hypothalamus and brainstem following systemic immunologic challenge [55] . These neurons and glia within the hypothalamus respond to inflammatory stimuli by initiating local production of cytokines in nuclei known to be involved in the regulation of ingestive behavior [56] [57] [58] [59] . These findings point toward the hypothalamus as a unique site of inflammatory amplification within the CNS. Furthermore, feeding centers in the hypothalamus, including the paraventricular (PVN) and arcuate nuclei (ARC), express receptors for these cytokines [60] [61] [62] [63] . The immediate early gene, c-fos, a marker of neuronal activation, is induced in the ARC and PVN in response to peripheral inflammatory stimuli, suggesting that cytokines may exert their cachexigenic effects by directly influencing the activity of hypothalamic centers controlling energy balance [64] [65] [66] . The relationship of acute inflammation-induced c-fos to the chronic cachexia syndrome is not clear, however these studies identify candidate inflammation-responsive loci in the CNS. It is important to note that feeding nuclei in the brainstem, such as the nucleus tractus solitarus (NTS), also show strong c-fos induction and NF-κB pathway activation in response to peripheral inflammatory challenges. Though these brainstem nuclei clearly play a significant role in the behavioral response to inflammation, this review will focus on hypothalamic mechanisms in cachexia.
The Role of Central Melanocortins in Cachexia
The ARC is one hypothalamic region that is essential in regulating energy homeostasis. This nucleus is linked with other hypothalamic and brainstem metabolic regulation centers by a complex web of reciprocal innervation [67] . The ARC contains two populations of neuropeptide-expressing neurons with opposing actions on energy balance. One population expresses the anorexigenic peptide, alpha-melanocyte-stimulating hormone (α-MSH), a cleavage product of the pro-opiomelanocortin (POMC) precursor, which is also expressed by brainstem neurons of the nucleus tractus solitarus (NTS) [68] . ARC POMC neurons are opposed by adjacent neurons expressing the orexigenic neuropeptides agouti-related protein (AgRP) and neuropeptide-Y (NPY) [69] . α-MSH derives its anorectic effects by binding to the type-3 melanocortin receptors (MC3-R) located on POMC neurons and within other areas of the hypothalamus, and the type-4 melanocortin receptors (MC4-R) distributed widely throughout the brain [68, [70] [71] [72] [73] . AgRP neurons project to a majority of MC4-R expressing neurons through out the brain and act as an endogenous inverse agonist at the receptor [74] . Together, these populations of POMC-and AgRP-expressing neurons in the ARC and NTS make up the central melanocortin system. This neural network plays a critical role in regulating feeding behavior, linear growth, metabolic rate, and insulin sensitivity (recently reviewed in [75] ). While the role of the MC3-R in energy balance remains somewhat obscure, a great deal is now known about the MC4-R. MC4-R is expressed in hypothalamic and brainstem feeding centers as well as on parvocellular neurons in the medial PVN, which project to brainstem nuclei controlling the activity of the sympathetic nervous system. Experimental administration of MC4-R agonists, such as α-MSH or the small molecule agonist, melanotan-II (MTII) results in a dramatic decrease in food intake coupled with an increase in energy expenditure, primarily as resting thermogenesis [76] . Conversely, administration of melanocortin antagonists leads to positive energy balance by increasing food consumption and reducing energy expenditure and physical activity [68, [77] [78] [79] . The relative activity of each of these neuronal populations is modulated by circulating signals of energy status as well as afferent neuronal input from the brainstem and other hypothalamic areas. In this way the central melanocortin system can orchestrate energy balance in accord with the metabolic demands of the organism.
The remarkably similar physiologic signature of increased melanocortin signaling and cachexia, specifically anorexia, increased metabolic rate, and alterations in tissue mass, suggest a potential role for the MC4-R in mediating some aspects of sickness behavior. Indeed, our own work and that of others has demonstrated that blockade of signaling through MC4-R by genetic and pharmacologic means prevents many of the features of cachexia that would normally occur during acute inflammation and in several models of chronic disease [17] [18] [19] 80, 81] . In our initial studies, we demonstrated that mice with genetic or pharmacologic blockade of melanocortin signaling (MC4-RKO and AgRP treated mice, respectively) had attenuated responses to non-specific inflammation (LPS) as well as to tumor growth (Figure 1) . Similar results were found in tumor bearing rats treated with AgRP and in LPS-treated sheep treated with AgRP [19, 82] . Alternatively, analogues of the orexigenic hormone ghrelin, which derives its appetite stimulating effects at least partly through AgRP neuron activation, improve food intake and body weight in rat models of cancer cachexia and chronic renal failure [14, 15] . This has directly led to the development of drugs that dampen or block central melanocortin signaling that are currently being tested as therapeutics for cachexia. Although these observations provided an exciting therapeutic target, they left the mechanistic details of cytokine feedback to central melanocortin signaling largely unexplored.
Neuropeptide Y
Studies have also shown that NPY mRNA expression is diminished in several inflammatory states, providing an alternative mechanism for inflammation-induced negative energy balance (reviewed in [83] ). Megestrol acetate is thought to derive its orexigenic effects by increasing NPY production, though this leads to a gain primarily in fat mass and little advantage in lean mass retention [10, 84] . Further, in contrast to AgRP administration, treatment of tumor bearing rats with i.c.v. NPY worsens their anorexia, suggesting that cachexia does not result from a selective reduction in NPY release [85] . Thus, the role of NPY in cachexia, if any, is unclear.
Neurohumoral Link
Though early ablation studies identified the hypothalamus as a critical regulator of energy balance [86, 87] , it was not until parabiosis experiments between two spontaneously obese strains of mice, the obese (ob/ob) mouse and diabetic (db/db) mouse, that the existence of a neurohumoral link regulating food intake and adiposity was confirmed. These experiments found that ob/ob partners of db/db mice displayed fatal metabolic exhaustion, characterized by hypophagia, hypoglycemia, and weight loss, within four weeks of surgery [88] . This seminal experiment demonstrated that excess in a circulating satiety factor can subvert normal energy homeostasis and lead to a fatal wasting disorder. Subsequently the ob gene encoding this factor was cloned and the protein was named leptin from the Greek leptos, meaning thin [89] . When the leptin receptor (Lep-R) was cloned from the db locus, it was found that Lep-R was highly expressed in the hypothalamus, particularly in feeding and satiety centers [90] . This finding, when taken together with lesion studies, strongly suggested that the hypothalamus was the critical point for the integration of neural and humoral factors controlling energy balance. Subsequent studies have confirmed that the active isoform of Lep-R is expressed by POMC and AgRP neurons in the ARC, and that leptin specifically activates POMC neurons while inhibiting AgRP neurons [91] [92] [93] . These studies describe an elegant neurohumoral network that is capable of supporting normal energy homeostasis, while being susceptible to changes in circulating factors.
Though it is released by adipocytes in proportion to total body fat, leptin is a class I helical cytokine, like IL-6, LIF, and ciliary neurotrophic factor (CNTF). Therefore, leptin research offers potentially valuable insights into the mechanism of cytokine transfer into the CNS and its actions there. Leptin levels in the cerebrospinal fluid are strongly correlated to plasma leptin levels indicating that the molecule crosses the blood brain barrier (BBB) in proportion to its circulating concentration [94] . The ARC is located immediately adjacent to the median eminence, a circumventricular organ with an attenuated BBB. It has long been thought that this anatomic location allows leptin and other cytokines access to ARC neurons. Recent work confirms that the microvasculature in the mediobasal hypothalamus have a specialized fenestrated endothelium, which could explain the transfer of cytokines from the circulation to the CNS, where it could stimulate the local production of cytokines described above [95] . Brain endothelial cells also directly participate in the transfer of inflammatory signals into the CNS. The circulating satiety factors leptin and insulin show saturable transport into the CNS, suggesting that passive diffusion is not solely responsible for their actions in the brain (reviewed in [96] ). Similarly, active transport of several inflammatory cytokines into the CNS, including IL-1β, IL-6, and TNF-α, and LIF has been described, and these cytokines facilitate the transfer of each other across the BBB [97] [98] [99] [100] .
Endothelial cells are further known to release cytokines and diffusible inflammatory signals, such as prostaglandins (PG) and nitric oxide (NO) into the CNS in response to circulating cytokines. These small molecules readily cross the BBB and are sufficient and under some conditions necessary to provoke several aspects of the physiological response to sickness [101] , including the induction of cytokine expression, fever, and short-wave sleep (reviewed in [102] ). Of particular interest is the synthesis of the prostanoid, PGE2 by endothelial cells and perivascular phagocytes in immune-sensitive brain nuclei in response to inflammation. PGE2 is necessary for the induction of fever by LPS [103] , and may be necessary for the induction of anorexia by central or peripheral IL-1β [104] . PGE2 synthesis requires both arachadonic acid cleavage by the rate-limiting cyclooxygenase enzymes (COX-1 and COX-2) common to the production of all prostanoids, as well as microsomal prostaglandin E synthases (mPGES-1 and mPGES-2) [105] . Studies have shown that both COX-2 and mPGES-1 are coexpressed and induced by inflammatory stimuli [106, 107] . Recent work demonstrates that mPGES-1-KO mice exhibit attenuated c-fos induction by LPS in immunosensitive CNS nuclei [108] and are relatively resistant to anorexia in a murine cancer model [109] . Recent work by Serrats et al. has eloquently described the role for endothelial cells and perivascular macrophages in transducing inflammatory signals from the circulation to the CNS [110] . In inflammatory conditions, endothelial cell activation induces the production of PGE2 by perivascular macrophages, which is in turn necessary for the induction of the hypothalamic-pituitary-adrenal (HPA) response. However, this cascade does not appear to be responsible for the induction of fever or behavioral depression by circulating IL-1β or LPS. The HPA response can be blocked by inhibition of either COS-1 or COX-2, suggesting that both enzymes may be necessary to mediate HPA activation by LPS [110, 111] . Together these data support a vital role of prostaglandins, particularly PGE2, in relaying and amplifying inflammatory information in the CNS. Though key mediators, the central mechanisms of prostaglandin action remain poorly understood. Specifically, it is unclear whether these molecules directly influence neuronal activation or whether they only act to transmit the inflammatory messages. Interestingly, in cachectic patients COX inhibition has shown limited effectiveness at ameliorating anorexia or lethargy, indicating that either this mechanism is not conserved in humans or that COX inhibition alone is insufficient to block transmission of the inflammatory signals into the CNS. Certainly, more research investigating the mechanism of central prostaglandin signaling and its relevance to sickness behavior is warranted.
Several studies have examined a role for the vagus nerve in transducing inflammatory signals from the periphery. Blockade of endothelial IL-1R signaling prevents the induction of fever or lethargy by IL-1β administered centrally or intravenously, but not intraperitoneally, implicating the vagus in transducing inflammatory signals from the viscera to the CNS [112] . Subdiaphragmatic vagotomy attenuates IL-1β expression and c-fos induction in the hypothalamus, brainstem and amygdala resulting from immune challenge, though treated animals still display significantly different c-fos expression and cytokine expression compared to controls [113, 114] . The role of the vagus in mediating the sickness response is controversial, as vagotomy has been shown to attenuate behavioral depression [114] [115] [116] and anorexia in some studies [117] , while others report that vagotomy does not block the anorectic component of sickness behavior [118] . Given the different doses and routes of administration used in these studes, the vagus appears to be more important in mediating the behavioral response to small doses of immune modulating agents delivered i.p. The abdominal vagus has a unique relationship with adjacent immune cells, increasing its discharge rate in response to locally released cytokines. This leads to altered firing of excitatory catecholeminergic neurons originating in the NTS and projecting to several hypothalamic nuclei [119, 120] . These studies reinforce the importance of brainstem participation in the development of sickness behavior and hypothalamic inflammation. How subdiaphragmatic vagotomy alters CNS cytokine expression in response to inflammation remains unclear, but it may remove an essential co-factor for cytokine production by neural cells. Unfortunately, no anatomic studies have been performed to identify whether cytokine expression in specific brain areas are uniquely affected by vagotomy, so the influence of ascending autonomic tone on the hypothalamus is not well defined. Collectively, these data illustrate the complex exchange from systemic inflammation to cytokine induction in the brain and further support a critical role for hypothalamic inflammation in the development of sickness behavior.
Interaction of Cytokines with the Central Melanocortin System
While the primary cytokine signals producing cachexia during illness have been studied in detail, we have limited understanding of the specific hypothalamic cell groups involved in processing these signals. The success of melanocortin antagonism in ameliorating the catabolic features induced by several disease models, suggests that POMC and AgRP neurons are plausible targets for CNS cytokine action. This idea is supported by data showing that ARC POMC mRNA was increased following peripheral LPS and TNF-α while AgRP mRNA expression was simultaneously decreased by TNF-α [121, 122] . Surprisingly, as recently as 2005, very little additional research had investigated whether POMC and AgRP neurons were directly influenced by pro-inflammatory cytokines. To elucidate the mechanism whereby inflammation may lead to excessive activation of central melanocortin signaling, we undertook a series of studies designed to demonstrate activation of POMC neurons by pro-inflammatory cytokines.
IL-1β
Perhaps the most obvious target to investigate is the "prototypic" pro-inflammatory cytokine, IL-1β. In a healthy brain, trace expression of IL-1β is detected in glia, neurons, cerebrovascular cells and circulating immune cells [reviewed in [123] ]. Expression of IL-1β in the brain, mainly in the hypothalamus, is markedly increased in response to disease and inflammation both in the periphery and within the CNS itself [124] [125] [126] [127] . Inflammationinduced brain IL-1β is primarily produced by microglial cells and perivascular and meningeal marcrophages [128] . Two isoforms of IL-1, IL-1α and IL-1β, act as an agonist at the IL-1 receptor (IL-1RI), but only IL-1β is cleaved and secreted while IL-1α remains mainly intracellular [129, 130] . Another member of the IL-1 family, the IL-1 receptor antagonist (IL-1ra), binds the IL-1RI, but does not initiate signaling [131] .
Binding of IL-1β to IL-1RI increases cellular production and nuclear translocation of NF-κB, a transcription factor that that plays key role in regulating the cellular response to inflammation [132] . In the brain, IL-1RI is expressed primarily by non-neuronal cells including endothelial cells, glial cells, and macrophages [133] . Only a few neuronal cell groups express IL-1RI, however these groups are predominately found in areas associated with energy homeostasis and behavior including the ARC, NTS, area postrema, basolateral nucleus of the amygdala, hippocampus, and the trigeminal and hypoglossal motor nuclei [133, 134] . Expression of IL-1RI in the hypothalamus and hindbrain is increased by acute inflammation induced by single i.c.v injections of LPS [135] , or IL-1β [136] and by chronic inflammation due to tumor growth [127] .
The first described physiological role for IL-1β in the brain was the induction of fever, [137] by regulating the activity of thermosensitive neurons in the anterior and preoptic hypthalamus [138] . IL-1β-induced fever is attenuated by salicylates and non-steroidal antiinflammatory drugs that prevent PG synthesis [139] . IL-1β also activates the hypothalamicpituitary-adrenal (HPA) axis leading to elevated plasma levels of ACTH [140] . IL-1β has an increasingly recognized role in the regulation of feeding behavior and energy homeostasis. IL-1β potently suppresses food intake when injected peripherally and centrally [141, 142] and unlike IL-1β-mediated fever, the anorexic effect of IL-1β is not completely blocked by inhibition of PG synthesis [143, 144] . Further, administration of IL-1ra into the lateral ventricle abrogates sickness behavior induced by peripheral IL-1β without affecting the febrile response [142] . In the ARC, IL-1β induces cFos immunoreactivity in both POMC and NPY neurons, suggesting a role for the hypothalamic melanocortin system in mediating the feeding effects and metabolic effects of IL-1β [145] .
In recently published work, our laboratory investigated the nature of the relationship between IL-1β and the central melanocortin system. Our studies demonstrate that ARC POMC and AgRP neurons both express IL-1RI (Figure 2A ). Central IL-1β administration induces cFos immunoreactivity in both neuronal types in the ARC, and this activation was only modestly attenuated by PG synthesis inhibition. Brainstem POMC neurons, however, do not appear to be specifically activated by i.c.v. IL-1β. Activation of ARC POMC neurons was confirmed by whole-cell slice electrophysiology, which measured a dramatic increase in POMC neuron firing rate in response to IL-1β. We found that IL-1β also increased the release of α-MSH from hypothalamic explants in vitro, and that this effect was blunted, but not reversed by inhibiting PG synthesis [146] . IL-1β was found to significantly reduce AgRP release from hypothalami in vitro. Surprisingly, rat models of peripheral inflammation, including LPS, tumor, and chronic renal failure all increased AgRP mRNA expression above control, though i.c.v. IL-1β did not [147] . The in vitro and electrophysiology data strongly suggest that IL-1β, like leptin, increases central melanocortin tone in the ARC by increasing the ratio of α-MSH: AgRP available at the post-synaptic MC4-R. The paradoxically increased transcription of AgRP in inflammatory states may serve to prepare the animal for rebound hyperphagia, to recover energy stores lost during the acute illness. Taken together, these data demonstrate the existence of a neuroanatomic framework capable of supporting direct cytokine regulation of POMC and AgRP activity. These data conflict with a previous study, which showed worsened hypophagia following ablation of the medial ARC and suggested that the role of the ARC in cachexia may be to limit the extent of the anorexia [145] . These ablation studies killed off the entire AgRP population as well as the medial POMC population, but lateral POMC neurons, which are thought to be more important in the control of body weight and feeding, were spared [148, 149] . Therefore, the worsened anorexia reported by this group may be explained by unopposed α-MSH at the MC4-R.
It is well established that central administration of IL-1β initiates a cachexia-like metabolic phenotype, which is reversed by melanocortin antagonism. Though we demonstrated that IL-1β increases melanocortin signaling by acting directly on POMC and AgRP neurons, the relative contribution of this mechanism in disease states remains uncertain. However the low EC 50 for IL-1β-mediated changes in neuropeptide release and the anatomic location of IL-1β expression in inflammatory states, suggest that this mechanism is likely to play a significant role. Cachexia becomes overtly maladaptive only when wasting persists as in late-stage chronic disease. Though IL-1β potently induces acute anorexia, animals rapidly desensitize to continuous i.c.v. administration of the cytokine [150] . Therefore, IL-1β may not be sufficient on its own to produce sustained catabolism. For this reason, we have begun to investigate the contribution of other pro-inflammatory cytokines, which may contribute to the persistent wasting syndrome.
LIF
LIF was initially cloned and named for its ability to induce differentiation of the murine leukemic M1 cell line and has subsequently been found to play an important role in inflammatory signaling, neuro-immune function, and development [151] . Depending on alternative splicing, LIF is synthesized as either a secreted protein or a matrix-associated protein from a single gene locus [152] . LIF is variably glycosylated, which can directly influence the bioactivity of the molecule in a cell-specific manner [153, 154] . The effects of LIF further depend on the cell type and developmental stage of the organism. In the developing nervous system, LIF is known to be neuropoietic and involved in the differentiation of autonomic nerves and astrocytes in several brain locations, suggesting that its receptors may be expressed in the adult CNS. In the adult animal, LIF is thought to be involved predominately in the inflammatory response to tissue damage or infection (reviewed in [155] ).
LIF binds to a heterodimeric receptor complex consisting of the ligand-specific LIF receptor (LIF-R) and the signal transducing gp130 subunit, which is common to all IL-6 family cytokines, including IL-6, CNTF, and oncostatin-M (reviewed in [156] ). Receptor binding stimulates gp130-mediated activation of the Janus kinase 2 (JAK2)/signal transducer and activator of transcription 3 (STAT3) pathway [157] , the same pathway activated by the binding of leptin to its receptor [158] . Importantly, STAT3 activation by any of these cytokines induces transcription of an autoregulatory gene product, suppressor of cytokine signaling-3 (SOCS-3), which inhibits further JAK/STAT signaling in response to ligand binding and is thought to play a role in leptin resistance [159] .
Previous studies linking leptin-induced STAT3 phosphorylation to its anorectic effects suggest that IL-6 family cytokines could also be used to inhibit feeding [160] . This hypothesis is supported by the observation that activators of gp130 can acutely reduce food intake when injected in the CNS [37] . Though there is consensus on the anorectic activity of LIF and CNTF in the brain, the ability to IL-6 to induce negative energy balance remains somewhat controversial [150] . An elegant study using mice that have gp130 specifically deleted from only POMC neurons found that the anorectic effects of CNTF specifically depended on expression of gp130 on POMC neurons, indicating that this may be a common pathway for IL-6 family cytokine-induced anorexia [161] . A series of experiments exploring the potential role of chronic gp130 activation using CNS CNTF or LIF demonstrate that both of these cytokines are capable of sustaining negative energy balance in animals, in contrast with similar studies using chronic leptin administration [162] . These studies suggest that despite initiating similar signaling cascades, gp130 activation must fundamentally differ from Lep-R signaling. A recent study indicates that differential activation of phospotyrosine phosphatase 1B (PTP1B), an autoihibitory phosphatase that is induced in neurons by leptin, but not by gp130 activation may underlie these observed differences in sustained anorectic efficacy [163] . A role for PTP1B in cachexia is further supported by research demonstrating that its expression is diminished in tumor bearing rats and that silencing of the gene in the brain using antisense oligonucleotides can cause fatal anorexia [164] .
Serum LIF is elevated in chronic disease and malignancy [165] [166] [167] , an observation that has been correlated to poor prognosis [168] . Hypothalamic expression of LIF is induced by acute LPS administration [32, 48, 51] , and, in contrast to IL-1β or LPS, animals do not desensitize to chronic LIF-induced anorexia [171] [172] [173] . This lack of tachyphylaxis more closely resembles clinical cachexia, indicating that LIF could be an essential CNS mediator of chronic inflammation-induced anorexia. Studies by Shlomo Melmed demonstrate that LIF expression in the pituitary is necessary to drive the increased POMC mRNA expression and ACTH release by pituitary corticotrophs in response to inflammation [32, 174] . This process is dependent on gp130-mediated activation of JAK2/STAT3 signaling, which is known to underlie the induction of POMC mRNA expression by leptin, suggesting that LIF may activate hypothalamic POMC neurons in a similar manner [160, 175] . Indeed, our laboratory recently demonstrated that LIF induces anorexia by directly activating ARC POMC neurons [51] . We observed that acute i.c.v. LIF injection activates ARC POMC neurons, but brainstem POMC neurons were not activated [51] , despite significant activation of neighboring cells and widespread expression of the LIF-R throughout the brainstem (including the NTS) [unpublished data]. ARC POMC neurons also express the LIF-R ( Figure 2B ) and hypothalamic explants increase α-MSH release in response to LIF. When the gp130 subunit is deleted specifically from POMC neurons, the ability of LIF to induce α-MSH release and inhibit food intake is completely abolished, indicating that the acute anorectic effects of LIF are mediated by direct activation of gp130 signaling in POMC neurons. Importantly, we found that though LIF and IL-6 expression were increased in the hypothalami of LPS or IL-1β treated animals, CNTF expression was actively inhibited by inflammation, suggesting that this cytokine is not involved in inflammation-induced anorexia. We did not observe any detectable IL-6 receptor mRNA expression by POMC neurons, strongly supporting a unique role for LIF in activating gp130 signaling on POMC neurons in inflammatory states. This is the first study that directly implicates inflammationinduced changes in melanocortin signaling with the anorectic component of cachexia and provides mechanistic support for therapeutic use of melanocortin antagonists. However, many questions remain regarding the mechanistic details of cytokine-induced alterations in melanocortinergic neuron activity. For example, a large number of cells in the ARC express LIF-R but not POMC. Other cell types, such as AgRP neurons and glia, may be influenced by CNS LIF signaling and contribute to its effects on energy homeostasis. Further, it is uncertain whether the acute mechanisms of cytokine action described above are important in the chronic disease process, and studies looking into this are vital to establish an effective therapeutic strategy for melanocortin antagonism.
Future Directions
Collectively, the studies presented in this review describe a common model for sickness behavior in which peripheral inflammation stimulates the transport and local production of pro-inflammatory cytokines within the hypothalamus and brainstem. These cytokines then directly and indirectly alter the activity of neuronal populations involved in regulating feeding behavior and energy expenditure (Figure 3 ). It has not been established, however, whether CNS inflammation may play a direct role in other salient features of the sickness response.
Insulin Resistance
A key feature common to cachexia induced by several disease etiologies is peripheral insulin resistance [20] . In patients with chronic heart failure, the degree of heart failure is correlated to the degree of insulin resistance [176] . Further, insulin resistance is an independent risk factor for mortality in these patients [177] . The prevalence of insulin resistance in cachectic patients suggests a common pathophysiology. Recent work has shown that intact central melanocortin signaling is necessary for normal insulin sensitivity and glucose homeostasis [178] . In obese animals, insufficient melanocortin signaling secondary to leptin resistance is often cited as the major CNS cause of insulin resistance [179] . The role of the melanocortin system in energy partitioning and utilization is further supported by a series of recent experiments that demonstrate changes in melanocortin tone alter glucose utilization and lipolysis via sympathetic nervous system [180, 181] . Therefore, it is plausible that altered melanocortin signaling secondary to cytokine influence may directly impact insulin sensitivity and energy partitioning. Given the overlap in receptor-activated signaling cascades between leptin and gp130-activating cytokines, one possible mechanism may involve cytokine induction of SOCS-3, which could inhibit leptin signaling [182] . Because insulin resistance in cachexia has been directly linked to increased mortality, further research on this mechanism is warranted.
Anhedonia
Patients suffering from major depression exhibit a constellation of symptoms that is remarkably similar to sickness behavior, including significant weight loss, sleep disturbances, psychomotor disturbances, fatigue, and anhedonia. Elevated IL-6 and acute phase proteins have been observed in plasma from depressed patients [183] . Further, nondepressed patients treated with IL-2 or interferon alpha, two pro-inflammatory cytokines, develop a depressed mood and altered cognition, which may be successfully treated with anti-depressant pharmacotherapy [184, 185] . This relationship is supported by animal studies of depression, which have demonstrated that cytokine treatment can induce anhedonia in rats, measured by decreases in rewarding self-stimulation and reduced saccharine preference [186, 187] . Notably, i.c.v. IL-1ra can attenuate learned helplessness behavior, another hallmark of animal depression models [188] . A potential role for melanocortins is suggested by the existence of an anatomical link between MC4-R-expressing neurons and nuclei implicated in mediating depressive behavior, including brainstem serotoninergic and noradrenergic centers, as well as ventral tegmental reward pathways [189] [190] [191] [192] [193] .
Lethargy
Lethargy, presenting as decreased voluntary activity and motivation, is a commonly observed component of the sickness response. In severely cachectic patients, the etiology of lethargy may be complicated by debilitation and weakness resulting from extended inflammatory response and negative energy balance. However, acute inflammatory states consistently induce significant reductions in spontaneous activity and motivated behaviors long before an appreciable energy deficit or significant weakness can accumulate. For example, endotoxin-treated rats stop bar pressing to receive water and exhibit decreased water intake when freely available [194] . Also, both wheel running activity and spontaneous home cage movement are reduced in LPS-treated animals [195] . Recent research has linked control of locomotor activity to central melanocortin activation. MC4-R null mice are resistant to this inflammation-induced decrease in wheel running, suggesting that melanocortins may mediate this response [18] . Recently, intact leptin signaling in both POMC and AgRP neurons has been associated with controlling locomotor activity to the extent that it can significantly alter total energy homeostasis [196, 197] . These findings indicate that pro-inflmmatory cytokines may have similar actions on these neurons. Melanocortin neurons are also known to communicate with arousal and motivation centers in the hypothalamus and nucleus accumbens, providing a neuroanatomic basis for this relationship. Little research investigating these relationships in inflammatory states has been conducted, however.
Reproductive Axis Failure
Gonadal hormone release and reproductive viability are regulated by neuronal populations in the hypothalamus. Hypogonadotropic hypogonadism and reproductive failure have been observed in a variety of inflammatory conditions including lupus erythematosus, rheumatoid arthritis, type 2 diabetes mellitus, and acute infection [198] [199] [200] [201] . Because reproduction is energetically very expensive for an organism, suppression of the hypothalamic-pituitarygonadal axis makes teleologic sense during acute immune challenges, while the body is actively fighting off infection. However, several chronic inflammatory conditions similarly suppress the reproductive axis, leading to infertility and delayed onset of puberty. In rats, i.c.v., but not peripheral administration of IL-1β completely blocks induction of hypothalamic gonadotropin secretion, suggesting that IL-1 suppresses hypothalamicpituitary-gonadal function by inhibiting gondadotropin releasing hormone neurons [202] . These observations indicate that pro-inflammatory cytokines in the brain may play a role in mediating the neuroendocrine response to disease, though little additional research investigating this relationship has been reported. The reproductive axis is known to be tightly associated with energy status, and leptin levels as well as signaling through the MC4-R regulate hypothalamic control of gonadotropin release [203, 204] . Taken together, these findings again suggest that pro-inflammatory cytokines may suppress the reproductive axis by inhibiting hypothalamic gonadotropin release through melanocortin-mediated pathways.
Conclusions
We have shown that cytokines liberated during the disease process activate proopiomelanocortin (POMC) neurons by both direct and indirect mechanisms [51, 146] . At the same time, we have shown that the release of the endogenous antagonist/inverse agonist agouti-related peptide (AgRP) is diminished by inflammation, further potentiating activation of downstream melanocortin pathways [147] . We hypothesize that inflammation alters the function of these neurons and that this will in turn produce various aspects of the illness response including anorexia, decreased movement, elevated basal metabolic rate, lethargy, and alterations in energy partitioning. We further hypothesize that this cellular mechanism represents a critical common pathway for the production of cachexia in a variety of chronic disease states, particularly those in which inflammation is known to play an important role ( Figure 3) . All of these constituents of the sickness response are sensitive to nutritional status, and neuronal populations responsible for maintaining these functions are known to have extensive hypothalamic connections. Given that the ARC functions as a metabolic integration point and that melanocortin antagonism has been successful in ameliorating multiple facets of the behavioral response to inflammation, it is reasonable to consider that melanocortinergic neurons may be critical in the pathogenesis of several behavioral responses to sickness. Further studies are needed to determine whether these proinflammatory cytokine-induced changes in melanocortin signaling are essential in mediating sickness behavior, as a means to develop integrative, targeted therapies. Hypothetical model for the regulation of feeding, metabolic rate, and sickness behavior by hypothalamic cytokine signaling. In chronic disease elevated circulating cytokines stimulate the production of pro-inflammatory cytokines, including IL-1β and LIF, in the hypothalamus. These molecules then increase melanocortin signaling by directly activating POMC neurons and inhibiting AgRP neurons. This leads to decreased appetite and increased energy expenditure, primarily as basal metabolic rate, by increasing activation of MC4-R. Other elements of sickness behavior, including insulin resistance, lethargy, anhedonia, and reproductive axis failure may also result from inflammation-induced changes in melanocortin signaling
